1. Introduction {#s0005}
===============

Multi-drug resistant (MDR) *P. aeruginosa* is associated with life-threatening infections, commonly observed in cystic fibrosis (CF) lung, pneumonia, and surgical-site infections \[[@bb0005],[@bb0010]\]. *P. aeruginosa* infections are notorious for developing high-level resistance towards a wide array of antibiotics, often leaving clinicians with few treatment options \[[@bb0015], [@bb0020], [@bb0025]\]. In 2015, the European Antimicrobial Resistance Surveillance Network (EARS-Net) reported that \>13.7% of the *P. aeruginosa* isolates were MDR, showing resistance to most of the major antibiotic classes. The World Health Organization (WHO) has recently classified MDR *P. aeruginosa* as a top-priority critical pathogen, urgently requiring the development of new treatment options \[[@bb0030]\]. In patients suffering from CF, colonization of lungs with *P. aeruginosa* is associated with poorer quality of life and higher mortality rates \[[@bb0035],[@bb0040]\].

Polymyxins (colistin and polymyxin B) are currently used as last-line treatment against MDR *P. aeruginosa* infections \[[@bb0045],[@bb0050]\]. Although polymyxins exert their antibacterial activity by disorganizing the bacterial outer membrane (OM) via electrostatic interactions with the lipid A component of lipopolysaccharide (LPS), the exact antibacterial killing mechanism is still enigmatic \[[@bb0055]\]. The most common mechanism of polymyxin resistance seen in *P. aeruginosa* involves LPS modifications, including the addition of phosphoethanolamine (PEtN) and 4-amino-4-deoxy-L-arabinose (L-Ara4N) to its lipid A structure, or by deacylation, hydroxylation and palmitoylation of the lipid A fatty acyls \[[@bb0060], [@bb0065], [@bb0070]\]. These structural modifications reduce the overall net negative charge and hydrophobicity of the OM, thereby ablating the binding of the amphipathic polymyxin \[[@bb0010]\]. Treatment failure due to sub-optimal plasma drug concentrations or resistance to polymyxins in MDR *P. aeruginosa* can emerge after polymyxin monotherapy, which highlights the need for novel combination therapies e.g. with FDA-approved non-antibiotics \[[@bb0075], [@bb0080], [@bb0085], [@bb0090]\]. The use of synergistic combinations of antibiotics with FDA approved non-antibiotic drugs is a highly valuable and cost-effective strategy to enhance the clinical efficacy of currently used antibiotics against MDR bacterial pathogens \[[@bb0095], [@bb0100], [@bb0105], [@bb0110]\]. It has been proposed that polymyxins can increase the OM permeability and enable the non-antibiotic compounds to access their intracellular target(s) \[[@bb0095],[@bb0105]\]. We recently showed that combining polymyxin B with selective estrogen receptor modulators (SERMs), namely tamoxifen, raloxifene and toremifene, resulted in synergistic bactericidal activity against a wide range MDR Gram-negative pathogens, particularly MDR *P. aeruginosa* CF isolates \[[@bb0105]\]. Polymyxin B in combination with toremifene synergistically caused a significant release in cytosolic green fluorescence protein, depolarizing the cytoplasmic membrane and permeabilizing activity in a nitrocefin assay. The combination also induced an increase of cellular reactive oxygen species and a distinctive damage to the outer membrane of *P. aeruginosa* cells. Given the importance of repurposing "off-the-shelf" non-antibiotics drugs to treat MDR *P. aeruginosa*, it is crucial to elucidate the mechanism(s) by which the polymyxin B-SERMs combinations achieve this powerful bacterial killing activity as well as their ability to suppress the emergence of polymyxin resistance.

Antibiotic combination therapies focus on phenotypic killing without systematic or mechanistic investigations \[[@bb0115]\]. Metabolomics represent a cutting-edge platform that is suitable for investigating the mode of action of and bacterial resistance to antibiotics through analysis of the metabolic response to drug treatment \[[@bb0120],[@bb0125]\]. The profiling of significantly perturbed metabolites and reconstruction of their metabolic pathways provides a rapid and effective means for understanding how bacteria respond to the antimicrobials at the molecular level, the mechanism by which antibiotics kill bacterial cells and ultimately the identification of novel antibiotic targets \[[@bb0130], [@bb0135], [@bb0140], [@bb0145], [@bb0150], [@bb0155]\].

The present study employs a global metabolomics approach to decipher the complex interplay of multiple cellular pathways in a clinical MDR *P. aeruginosa* CF isolate in response to polymyxin B combination treatment with the SERM tamoxifen. The novel findings reveal for the first time that the synergistic bactericidal effect and suppression of polymyxin resistance of the combination involves the disruption of pathways that mediate bacterial cell envelope biogenesis and via inhibition of the OM remodeling processes that confer polymyxin resistance, such as modification of the lipid A phosphates with cationic aminoarabinose moieties.

2. Results {#s0010}
==========

2.1. Multivariate and Univariate Analyses of the Metabolites Affected by Polymyxin B and Tamoxifen in *P. aeruginosa*. {#s0015}
----------------------------------------------------------------------------------------------------------------------

Multivariate data analysis using partial least squares discriminant analysis (PLS-DA), and univariate data analysis using one-way analysis of variance (ANOVA) followed by Fishers least square difference (LDS), were performed to determine the metabolites in *P. aeruginosa* FADDI-PA006 that were significantly affected by the polymyxin B and tamoxifen treatments (≥ 0.59 -log~2~-fold; *p* ≤ .05; FDR ≤ 0.05). The analytical reproducibility of the LC-MS analysis was determined by periodic analysis of a pooled biological quality control (PBQC) sample (Table S2), which demonstrated a median relative standard deviation (RSD) of 13%, which is well below the acceptable limits (\< 20%) in standard metabolomics practice \[[@bb0160]\]. The reproducibility of all sample groups was acceptable across all time points (15 min, 1 and 4 h), where the median RSD across all time points was (20--29%) for untreated (control) groups and (20--28%) for the treated groups; consistent with some baseline variability in the dynamics of ordinary bacterial metabolism commonly seen with or without antibiotic treatments (Table S2) \[[@bb0165],[@bb0170]\]. The multivariate analysis with PLS-DA revealed that the polymyxin B and tamoxifen monotherapy treatment groups did slightly overlap with untreated (control) groups at 15 min in the first two components, whereas a greater overall difference was observed between the combination treatment group and the untreated (control) group (Fig. S1A(i)). At 1 h, the PLS-DA scores plots showed a marked separation between the combination treatment group and all other treatment groups (i.e. the polymyxin B and tamoxifen monotherapy, and untreated control) in component 1, indicating that polymyxin-tamoxifen therapy at 1 h was more impactful on the bacterial metabolome (Fig. S1A(ii)). At 4 h, nearly all treatment samples clustered with minimal separation from the untreated group control. The effectiveness of all treatments (polymyxin B, tamoxifen monotherapy and their combination) to induce significant changes in bacterial metabolome was similar at 15 min; however, more bacterial metabolome perturbations were observed after polymyxin B-tamoxifen treatment in the subsequent time points (1 and 4 h), which induced perturbations of 115 and 38 metabolites in total, respectively (Fig. S2). Fig. S1B reveals that although most of the significantly affected metabolites (≥ 0.59 -log~2~-fold; *p* ≤ .05; FDR ≤ 0.05) were unique to the polymyxin B-tamoxifen combination treatment particularly at 1 and 4 h; polymyxin B monotherapy had more metabolites in common with the combination than tamoxifen monotherapy. A large proportion of affected metabolites following polymyxin B and tamoxifen monotherapy displayed a significant increase in levels at 15 min, whilst almost all significantly affected metabolites induced by combination therapy exhibited decreased levels ([Fig. 1](#f0005){ref-type="fig"}, [Fig. 2](#f0010){ref-type="fig"}(i)). Lipids, carbohydrates, and amino acids were the most commonly affected classes. The combination treatment induced more metabolome perturbations compared to polymyxin B and tamoxifen monotherapy at 1 h. Notably, nearly all of the significantly affected metabolites showed a remarkable decline in their levels after combination treatment ([Fig. 1](#f0005){ref-type="fig"}, [Fig. 2](#f0010){ref-type="fig"}(ii)), and a different distribution of metabolite classes was observed, where carbohydrate intermediates were primarily affected, followed by amino acids, unclassified metabolites and lipid metabolites ([Fig. 2](#f0010){ref-type="fig"}(ii)). Only a few metabolites showed were significantly affected following polymyxin B and tamoxifen monotherapy at 1 h ([Fig. 2](#f0010){ref-type="fig"}(ii)). At 4 h, different patterns were observed for the combination treatment in which fewer metabolites were impacted and the level \~50% of the metabolites increased dramatically. Similarly to the early time points (15 min and 1 h), most of the significantly affected metabolites following polymyxin B or tamoxifen monotherapy showed an increase ([Fig. 2](#f0010){ref-type="fig"}(iii)).Fig. 1Monotherapy and combination of polymyxin B and tamoxifen induce global metabolic changes in *P. aeruginosa* FADDI-PA006. Heatmap profiles of all identified metabolites clustered by metabolite class after treatment with single and combination (COM) of polymyxin B (PMB) and tamoxifen (TAM) at 15 min, 1 h, and 4 h.Fig. 1Fig. 2Total number of significant metabolite changes classified according to metabolite classes after antibiotic treatment of *P. aeruginosa* FADDI-PA006 at (i) 15 min, (ii) 1 h, and (iii) 4 h. (≥ 0.59 -log~2~-fold; *p* ≤ .05; FDR ≤ 0.05).Fig. 2

2.2. Impact of the Combination on Lipid Metabolism in *P. aeruginosa* {#s0020}
---------------------------------------------------------------------

Lipids and lipid intermediates underwent markedly more perturbations at 15 min compared to later time points (1 and 4 h) across all treatment groups; notably, all treatments caused greater perturbations in fatty acids compared to glycerophospholipids (GPLs). Both tamoxifen alone and the combination therapy, caused a similar extent of lipid perturbations: all metabolites, primarily fatty acids and glycerophospholipids, were decreased following the combination therapy. Intriguingly, the combination caused a significant reduction in the levels of essential fatty acids involved in synthesis of outer membrane lipids FA (16:0) (hexadecanoic acid) and FA (14:0) (tetradecanoic acid) (≥ 1.0-log~2~-fold, *p* ≤ .05; FDR ≤ 0.05) ([Fig. 3](#f0015){ref-type="fig"}A). Furthermore, two fundamental phospholipid metabolites (*sn*-glycero-3-phosphoethanolamine and *sn*-glycerol 3-phosphate) were significantly reduced after combination treatment (≥ 2.0-log~2~-fold, *p* ≤ .05; FDR ≤ 0.05) ([Fig. 3](#f0015){ref-type="fig"}A). Importantly, the combination decreased palmitoleyl-CoA, a key intermediate involved in fatty acid elongation, at 15 min (≥ 1.0-log~2~-fold, *p* ≤ .05; FDR ≤ 0.05) ([Fig. 3](#f0015){ref-type="fig"}A).Fig. 3Significantly impacted lipids in *P. aeruginosa* FADDI-PA006 following treatment with polymyxin B (PMB, purple), tamoxifen (TAM, green) and the combination (COM, red) at (A) 15 min, and (B) 1 h and 4 h. Lipid names are putatively assigned based on accurate mass. (\*\* ≥ 2.0-log~2~-fold, *p* ≤ .05; FDR ≤ 0.05); (\* ≥ 1.0-log~2~-fold, *p* ≤ .05; FDR ≤ 0.05).Fig. 3

Tamoxifen monotherapy had a considerable impact on lipid metabolites, in particular fatty acids, at 15 min ([Fig. 3](#f0015){ref-type="fig"}A). Although the levels of two important lipid metabolites, namely tetradecanoic acid and *sn*-glycero-3-phosphoethanolamine decreased after tamoxifen monotherapy (≥ 1.0-log~2~-fold, *p* ≤ .05; FDR ≤ 0.05), the levels of key intermediates in fatty acid synthesis, palmitoleyl-CoA and fatty acid (16:0) increased remarkably (≥ 2.0-log~2~-fold, *p* ≤ .05; FDR ≤ 0.05) ([Fig. 3](#f0015){ref-type="fig"}A). At 15 min, polymyxin B monotherapy only induced significant changes to a smaller number of fatty acids and glycerophospholipids ([Fig. 3](#f0015){ref-type="fig"}A).

On the other hand, the influence of all treatments (polymyxin B or tamoxifen monotherapy and their combination) was less pronounced on lipid pathways at the later time points (1 and 4 h) ([Figs. 3](#f0015){ref-type="fig"}B). However, combination therapy remained highly effective at reducing the levels of the aforementioned crucial lipid precursors at 1 h, including palmitoleyl-CoA, *sn*-glycero-3-phosphoethanolamine and *sn*-glycerol 3-phosphate (≥ 1.0-log~2~-fold, *p* ≤ .05; FDR ≤ 0.05) ([Fig. 3](#f0015){ref-type="fig"}B).

2.3. Impact of the Combination on Amino Sugar and Nucleotide Sugar Metabolism and Downstream Peptidoglycan, and Lipopolysaccharide Formation and Modification Pathways in *P. aeruginosa*. {#s0025}
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Several metabolites related to amino sugar and nucleotide sugar metabolism were significantly perturbed at 15 min across the treatment groups ([Fig. 4](#f0020){ref-type="fig"}A(i)). Tamoxifen monotherapy lead to a substantial increase in the levels of four essential amino- and nucleotide sugar metabolites that are directly related to interrelated peptidoglycan and LPS biosynthesis, namely UDP-*N*-acetyl-D-glucosamine (UDP-GlcNAc), *N*-Acetyl-D-glucosamine 6-phosphate, D-Glucosamine 6-phosphate, and *N*-acetylmuramate 6-phosphate (≥ 2.5-log~2~-fold, *p* ≤ .05; FDR ≤ 0.05)([Fig. 4](#f0020){ref-type="fig"}B). Only one intermediate, namely D-Glucosamine, was slightly decreased following tamoxifen monotherapy (\> 0.59-log~2~-fold, *p* ≤ .05; FDR ≤ 0.05) ([Fig. 4](#f0020){ref-type="fig"}A(i)). Likewise, four of these metabolites and one intermediate of peptidoglycan biosynthesis displayed a marked increase in their levels (except for D-Glucosamine) after polymyxin B monotherapy, namely UDP-GlcNAc, D-Glucosamine 6-phosphate, *N*-Acetyl-D-glucosamine 6-phosphate, *N*-acetylmuramate 6-phosphate, and UDP-MurNAC-L-Ala-gamma-D-Glu-m-DAP (≥ 1.5-log~2~-fold, *p* ≤ .05; FDR ≤ 0.05) ([Fig. 4](#f0020){ref-type="fig"}A(i)). In contrast, the combination treatment reduced the levels of six of these metabolites at 15 min, including D-Glucosamine, UDP-GlcNAc, D-Glucosamine 6-phosphate, *N*-Acetyl-D-glucosamine 6-phosphate, *N*-acetylmuramate 6-phosphate and UDP-MurNAC-L-Ala-gamma-D-Glu-m-DAP (\> 0.59-log~2~-fold, *p* ≤ .05; FDR ≤ 0.05) ([Fig. 4](#f0020){ref-type="fig"}A(i)).Fig. 4(A) Bar charts for the significantly impacted metabolites involved in amino sugar and nucleotide sugar and peptidoglycan biosynthesis of *P. aeruginosa* FADDI-PA006 following treatment with polymyxin B (PMB, purple), tamoxifen (TAM, green) monotherapy and in combination (COM, red) at (i) 15 min and (ii) 1 h (\* \> 0.59 -log~2~-fold; *p* ≤ .05; FDR ≤ 0.05), (\*\* ≥ 1.0-log~2~-fold, *p* ≤ .05; FDR ≤ 0.05) & (\*\*\* ≥ 2.0-log~2~-fold, *p* ≤ .05; FDR ≤ 0.05). (B) Schematic diagram for amino sugar and nucleotide sugar metabolism and direct interrelated peptidoglycan biosynthetic pathway. Blue boxes indicated significantly impacted metabolites.Fig. 4

At the 1 h time point, both tamoxifen and polymyxin B monotherapy lacked effect on amino sugar and nucleotide sugar metabolites related to peptidoglycan biosynthesis, whilst the combination therapy induced significant changes in key peptidoglycan pathway intermediates ([Fig. 4](#f0020){ref-type="fig"}A(ii)). Specifically, three metabolites declined considerably following polymyxin B -- tamoxifen combination treatment, namely D-alanyl-D-alanine, UDP-MurNAC-L-Ala-gamma-D-Glu-m-DAP, and UDP-MurNAC-L-Ala-gamma-D-Glu-m-DAP-D-Ala-D-Ala (≥ 1.5-log~2~-fold, *p* ≤ .05; FDR ≤ 0.05) ([Fig. 4](#f0020){ref-type="fig"}A(ii)). Moreover, five other essential precursors of amino sugar and nucleotide sugar metabolites were depleted, namely D-Glucosamine, D-Glucosamine 6-phosphate, *N*-Acetyl-D-glucosamine 6-phosphate, *N*-acetylmuramate, and UDP-GlcNAc (≥ 1.0-log~2~-fold, *p* ≤ .05; FDR ≤ 0.05) ([Fig. 4](#f0020){ref-type="fig"}). At 4 h, the impact of all treatments was minimal, with perturbations of only two intermediates for each of polymyxin B mono- and combination therapy, including *N*-Acetylmuramate and UDP-*N*-acetyl-D-glucosamine for polymyxin B monotherapy, and D-Glucosamine and *N*-acetylmuramate for the combination treatment. Tamoxifen monotherapy had no signifcant impact on amino sugar or nucleotide sugar metabolism at 4 h.

In addition to the aforementioned pathways, the combination treatment had a significant impact on LPS biosynthetic metabolites and the lipid A aminoarabinose modification pathway at both 15 min and 1 h. The concentrations of two crucial components of LPS biosynthesis 3-Deoxy-D-manno-octulosonate (KDO), and UDP-GlcNAc were significantly decreased after combination therapy at 15 min (\> 0.59-log~2~-fold, *p* ≤ .05; FDR ≤ 0.05) ([Figs. 5](#f0025){ref-type="fig"}A). Furthermore, the combination treatment decreased the levels of two fundamental metabolites from the aminoarabinose lipid A modification pathway including UDP-L-Ara4FN (\> 1.0-log~2~-fold, *p* ≤ .05; FDR ≤ 0.05) and UDP-glucuronate (\> 0.59-log~2~-fold, *p* ≤ .05; FDR ≤ 0.05) at 15 min ([Figs. 5](#f0025){ref-type="fig"}A). In contrast, both tamoxifen and polymyxin B monotherapy increased the levels of these metabolites. Tamoxifen monotherapy induced a prominent increase in the concentrations of KDO and UDP-GlcNAc (\> 2.0-log~2~-fold, *p* ≤ .05; FDR ≤ 0.05); and the levels of two lipid A aminoarabinose modification intermediates (UDP-glucuronate and UDP-L-Ara4FN) were also elevated (\> 3.0-log~2~-fold, *p* ≤ .05; FDR ≤ 0.05) ([Figs. 5](#f0025){ref-type="fig"}A). Similarly, the UDP-glucuronate and UDP-L-Ara4FN levels were significantly elevated following polymyxin B monotherapy at 15 min (\> 1.5-log~2~-fold, *p* ≤ .05; FDR ≤ 0.05).Fig. 5(A) Bar charts for the significantly affected metabolites involved in LPS biosynthesis and its aminoarabinose modification following polymyxin B (PMB), tamoxifen (TAM), and combination (COM) treatment at 15 min \*(≥ 1.0-log~2~-fold, *p* ≤ .05; FDR ≤ 0.05); (≥ 0.59-log~2~-fold, *p* ≤ .05; FDR ≤ 0.05). Control samples (blue), PMB (purple), TAM (green), and COM (red). (B) Bar charts and a diagram for the significantly impacted intermediates of LPS formation and its aminoarabinose modification after polymyxin B (PMB), tamoxifen (TAM), and the combination treatment at 1 h (≥ 1.0-log~2~-fold, *p* ≤ .05; FDR ≤ 0.05).Fig. 5

At 1 h, the combination treatment reduced the levels of three main intermediates of LPS biosynthesis including KDO, CMP-KDO, and D-glycero-D-manno-Heptose 7-phosphate (≥ 1.0-log~2~-fold, *p* ≤ .05; FDR ≤ 0.05) ([Fig. 5](#f0025){ref-type="fig"}B). The main precursors that are involved in the aminoarabinose modification of lipid A, were significantly decreased following the combination treatment at 1 h, particularly UDP-glucose, UDP-glucuronate, and UDP-L-Ara4FN (≥ 2.0-log~2~-fold, *p* ≤ .05; FDR ≤ 0.05) ([Fig. 5](#f0025){ref-type="fig"}B). By contrast, both polymyxin B and tamoxifen monotherapies did not influence LPS biosynthesis, nor lipid A aminoarabinose modification intermediates at 1 h ([Fig. 5](#f0025){ref-type="fig"}B). Notably, the levels of UDP-L-Ara4FN were greatly elevated following polymyxin B monotherapy at 4 h (≥ 3.0-log~2~-fold, *p* ≤ .05; FDR ≤ 0.05) while a much smaller increase was observed after the combination treatment at 4 h (\> 0.59˂1.0-log~2~-fold, *p* ≤ .05; FDR ≤ 0.05) (Table S2). None of the treatments affected the LPS biosynthesis at 4 h (Table S2).

2.4. Impact of the Combination on Central Carbohydrate Metabolism and Energy Production Pathways in *P. aeruginosa*. {#s0030}
--------------------------------------------------------------------------------------------------------------------

Central carbohydrate metabolism and energy production pathways were only affected at 1 h across all treatments. Both polymyxin B and tamoxifen monotherapies marginally affected only one metabolite, namely fumarate ([Fig. 6](#f0030){ref-type="fig"}A). The combination treatment induced marked changes of several intermediates involved in the main pathways of central carbohydrate metabolism, namely glycolysis, pentose phosphate pathway (PPP), tricarboxylic acid cycle (TCA) and the electron transport chain (ETC) ([Fig. 6](#f0030){ref-type="fig"}B). Interestingly, five intermediates of PPP decreased after combination treatment at 1 h, namely D-Glucono-1,5-lactone, D-Glycerate, D-Gluconic acid, D-Sedoheptulose 7-phosphate, and D-Ribose 5-phosphate (≥ 1.0-log~2~-fold, *p* ≤ .05; FDR ≤ 0.05) ([Fig. 6](#f0030){ref-type="fig"}A). Besides the PPP, another related pathway that was impacted by the combination therapy was glycolysis, of which five intermediates showed a significant reduction, namely D-Glucose 6-phosphate, D-Fructose 6-phosphate, glyceraldehyde-3-phosphate, phosphoenolpyruvate (PEP), and glycerone phosphate (≥ 1.0-log~2~-fold, *p* ≤ .05; FDR ≤ 0.05) ([Figs. 6](#f0030){ref-type="fig"}A & B). The TCA cycle also exhibited substantial changes for four intermediates following combination treatment: *cis*-aconitate, fumarate, CoA, and succinate (≥ 1.0-log~2~-fold, *p* ≤ .05; FDR ≤ 0.05) ([Fig. 6](#f0030){ref-type="fig"}B). Concomitantly, the concentration of four essential metabolites of the ETC was significantly decreased following the combination treatment, NADH, NAD^+^, ATP, and ADP (≥ 1.0-log~2~-fold, *p* ≤ .05; FDR ≤ 0.05) ([Figs. 6](#f0030){ref-type="fig"}A & B).Fig. 6(A) Bar charts for the significantly affected intermediates of the interrelated pathways of glycolysis, pentose phosphate pathway (PPP), tricarboxylic acid cycle (TCA), and electron transport chain of *P. aeruginosa* FADDI-PA006 after polymyxin B (PMB, purple), tamoxifen (TAM, green), and the combination (COM, red) treatment at 1 h (≥ 1.0-log~2~-fold, *p* ≤ .05; FDR ≤ 0.05). (B) Schematic diagram for the impacted pathways (glycolysis, pentose phosphate pathway (PPP), tricarboxylic acid cycle (TCA), and electron transport) following treatment with polymyxin B, tamoxifen, and combination treatment at 1 h. Blue boxes indicated significantly impacted metabolites.Fig. 6

2.5. Effect of the Combination on Nicotinate and Nicotinamide Metabolism in *P. aeruginosa*. {#s0035}
--------------------------------------------------------------------------------------------

Nicotinate and nicotinamide metabolism is vital for bacterial cell viability, as it generates the precursors of the coenzymes NAD+ and NADP+, which are crucial for cellular electron transfer reactions \[[@bb0175]\]. Strikingly, the combination treatment caused significant perturbations in the levels of six fundamental intermediates of nicotinate and nicotinamide metabolism, but only at 1 h ([Fig. 7](#f0035){ref-type="fig"}). The concentrations of glycerone phosphate, NAD^+^, nicotinate, nicotinamide, nicotinate D-ribonucleotide (NMN), and quinolinate (pyridine-2,3-dicarboxylate) were reduced following combination therapy (≥ 1.5-log~2~-fold, *p* ≤ .05; FDR ≤ 0.05) ([Fig. 7](#f0035){ref-type="fig"}). These pathways were not affected by either polymyxin B or tamoxifen monotherapy.Fig. 7Schematic diagram and bar graphs for significantly affected metabolites of nicotinate and nicotinamide metabolism of *P. aeruginosa* FADDI-PA006 after polymyxin B (PMB, purple), tamoxifen (TAM, green), and the combination (COM, red) treatment at 1 h (≥ 1.0-log~2~-fold, *p* ≤ .05; FDR ≤ 0.05). Blue boxes indicated significantly affected metabolites.Fig. 7

3. Discussion {#s0040}
=============

In recent years, combination therapies with FDA approved non-antibiotic drugs has emerged as a novel strategy for maintaining the clinical efficacy of polymyxins and suppressing outbreaks of polymyxin resistance \[[@bb0085],[@bb0180],[@bb0185]\]. We have previously shown that the combination of polymyxin B with a SERM produces a highly synergistic bactericidal effect against MDR CF *P. aeruginosa* isolates and prevents the emergence of polymyxin resistance \[[@bb0105]\]. SERMs are non-steroidal estrogen receptor modulators approved for chemotherapy and chemoprevention of breast cancers and osteoporosis \[[@bb0190]\]. Along with their antineoplastic activity, SERMs have been found to exhibit direct antimicrobial activities (i.e. antifungal, antiviral, antibacterial) \[[@bb0195], [@bb0200], [@bb0205], [@bb0210]\]. It has been proposed that SERMs operate via multiple mechanisms of antifungal activity, including membrane damage, inhibition of membrane peroxidation, cell cycle arrest, and interference with calmodulin \[[@bb0205]\]. However, their mechanism of antibacterial activity remains largely enigmatic. Understanding the biochemical mechanism(s) by which polymyxin B in combination with SERMs act synergistically against *P. aeruginosa* is vital for their potential future repurposing as antimicrobial agents. This report is the first to employ untargeted metabolomics to decipher the mechanisms of action of this novel combination against a MDR polymyxin resistant *P. aeruginosa* FADDI-PA006 isolated from the lungs of a CF patient. In order to ensure the study is clinically relevant, all experiments were performed using clinically achievable concentrations of polymyxin B (2 mg/L) and tamoxifen (8 mg/L) \[[@bb0010],[@bb0190],[@bb0215],[@bb0220]\]. Three different drug exposure times, 15 min, 1 h and 4 h were examined.

It has been proposed that polymyxins exert their bactericidal activity via disorganization and perforation of the bacterial OM \[[@bb0225],[@bb0230]\]. However, as the tested strain FADDI-PA006 is resistant to polymyxins, it is not surprising that polymyxin B monotherapy caused minimal perturbations of OM lipids ([Fig. 3](#f0015){ref-type="fig"}A & B). Although polymyxin B decreased the levels of essential membrane lipids such as the fatty acid (18:0) octadecanoic acid, a significant increase in the level of palmitoleyl-CoA was also reported. The saturated fatty acid (18:0) octadecanoic acid is one of the principal fatty acids making up the composition of the *P. aeruginosa* OM \[[@bb0235]\]; and a reduction in saturated fatty acids is usually associated with increased permeability and fluidity of the bacterial OM \[[@bb0240]\]. In addition to its estrogen receptor binding activity, tamoxifen is known to have multiple secondary cellular effects related to its direct molecular interactions with the membrane phospholipids and its ability to decrease membrane fluidity \[[@bb0245],[@bb0250]\]. As illustrated in [Fig. 3](#f0015){ref-type="fig"}A, tamoxifen induced a remarkable increase in the levels of palmitic acid (FA (16:0)), an important membrane fatty acid which is known to decrease membrane fluidity and hence, reduce membrane permeability \[[@bb0255]\]. However, tamoxifen caused a significant reduction in the levels of key intermediates involved in LPS and phospholipid biosynthesis including tetradecanoic acid and *sn*-glycero-3-phosphoethanolamine \[[@bb0260]\]. In contrast, the combination treatment produced markedly different changes in lipid pathways, wherein most of the significantly perturbed lipids were decreased across all time points such as a significant decrease in the levels of *sn*-glycerol 3-phosphate and *sn*-glycero-3-phosphoethanolamine at 15 min and 1 h ([Fig. 3](#f0015){ref-type="fig"}A & B). *Sn*-glycerol 3-phosphate is a crucial intermediate required for the formation of membrane phospholipids, it undergoes acylation at the 1-position to form lysophosphatidic acid (LPA), and then a second acylation step produces phosphatidic acid (PA), the key intermediate in the synthesis of bacterial membrane glycerolipids \[[@bb0255],[@bb0265]\]. Interestingly, in response to combination treatment, the levels of lysophosphatidylethanolamines (PE (18:1), PE (18:2) and LysoPE (16,0)) were significantly reduced, which indicates that the combination therapy potentially inhibits LPS modifications with ethanolamine compounds ([Fig. 3](#f0015){ref-type="fig"}A & B) \[[@bb0270]\]. The combination treatment also reduced the levels of fatty acids that are essential for LPS biosynthesis, tetradecanoic acid and palmitoleyl-CoA at early exposure times \[[@bb0260],[@bb0275]\].

In addition to the effect on the lipid metabolism, pathway analysis revealed that polymyxin B monotherapy negatively impacted intermediates from the LPS and peptidoglycan biosynthetic pathways. Notably, our results are in line with a previous metabolomics study which revealed polymyxin B perturbs the main intermediates involved in LPS and peptidoglycan biosynthesis of the Gram-negative bacterium *Acinetobacter baumannii* \[[@bb0165]\]. Both Polymyxin B and tamoxifen monotherapy induced a significant increase in the concentrations of fundamental amino sugar and nucleotide sugar intermediates of the peptidoglycan biosynthetic pathway including *N*-Acetyl-D-glucosamine 6-phosphate, UDP-*N*-acetyl-D-glucosamine, and UDP-MurNAC-L-Ala-gamma-D-Glu-m-DAP ([Fig. 4](#f0020){ref-type="fig"}A). Furthermore, polymyxin B and tamoxifen monotherapy increased the levels of LPS biosynthetic pathway intermediates and the associated L-Ara4N lipid A modification intermediates, but only at 15 min. *P. aeruginosa* can develop polymyxin resistance via intrinsic (PmrB mutations) or extrinsic (*mcr-1*) mechanisms, which manifest the modification of LPS with the cationic moieties aminoarabinose (L-Ara4N) or phosphoethanolamine (PEtn) that act to repel the like-charged polymyxin \[[@bb0280]\].

The combination treatment induced a marked reduction of fundamental precursors (amino sugar and nucleotide sugar metabolism) of the interrelated peptidoglycan and LPS biosynthesis pathways; it is an important to note that this effect was more pronounced at 1 h than 15 min, opposite to the combination effect on lipid metabolism ([Fig. 4](#f0020){ref-type="fig"}, [Fig. 5](#f0025){ref-type="fig"}). For instance, the levels of UDP-*N*-acetyl-D-glucosamine (UDP-GlcNAc), *N*-Acetyl-D-glucosamine 6-phosphate (GlcNAc-6P), and D-Glucosamine 6-phosphate decreased dramatically ([Fig. 4](#f0020){ref-type="fig"}A & B). Amino sugars and nucleotide sugars form the essential components of cell surface structures of bacteria (peptidoglycan, LPS and the polysaccharide capsule). UDP-*N*-acetyl-D-glucosamine (UDP-GlcNAc) in particular plays an important role as amino sugar donor in many transferase reactions in the biogenesis of peptidoglycan, the core lipid A moieties of the LPS, and certain *O*-antigens of Gram-negative bacteria \[[@bb0285], [@bb0290], [@bb0295], [@bb0300]\]. It has been previously proposed that drugs interfering with bacterial nucleotide sugar biosynthetic pathways might be potential targets for the discovery of new therapeutics \[[@bb0305]\]. Our findings are in agreement with the previous metabolomics study in which the impact of a set of common antibiotics was tested against the *Staphylococcus aureus* metabolome \[[@bb0310]\]. The study revealed that vancomycin, a glycopeptide which acts via inhibition of bacterial cell wall synthesis, was greatly effective in reducing the amino sugar and nucleotide sugar intermediates after a 30 min treatment period \[[@bb0310]\]. Maifiah *et al.,* found that colistin monotherapy and in combination with doripenem caused a significant depletion in the intracellular levels of several important metabolites associated with amino sugar and nucleotide sugar metabolism of *A. baumannii* at 1 and 4 h \[[@bb0165]\].

The bacterial cell envelope is composed of an inner cell membrane and a cell wall in Gram-positive bacteria, in addition to the outer membrane in Gram-negative bacteria. This structure provides structural integrity to the cell and protect these organisms from their unpredictable and often hostile environment \[[@bb0315]\]. Owing to its importance as a crucial cell wall structural component of bacteria, peptidoglycan biosynthesis has been extensively investigated as a target for developing of new antibacterial agents \[[@bb0320],[@bb0325]\]. It is well known that several antibiotics exert their action by attacking peptidoglycan assembly, including vancomycin (which interferes with D-Alanyl-D-alanine) and fosfomycin \[[@bb0330],[@bb0335]\]. A recent metabolomics study showed that fosfomycin and erythromycin significantly reduced levels of major precursors of cell wall biosynthesis in *S. aureus*^63^. Furthermore, it has been found that the combination of colistin and doripenem affected greatly the main intermediates of peptidoglycan biosynthesis of *A. baumannii* \[[@bb0165]\]. Our results are in agreement with these previous studies, where marked reductions were observed for key intermediates involved in the biosynthesis of peptidoglycan ([Figs. 4](#f0020){ref-type="fig"}A & B).

Importantly, our study is the first to demonstrate that combining tamoxifen with polymyxin B causes a remarkable decrease in the essential precursor metabolites of aminoarabinose (i.e. UDP-L-Ara4FN, UDP-glucuronate, and L-Arabinose), a major mechanism of polymyxin resistance ([Figs. 5](#f0025){ref-type="fig"}A & B) \[[@bb0280]\]. Although, the level of LPS components increased with polymyxin B and tamoxifen treatment, they display a considerable reduction after the combination treatment at 15 min and 1 h, in particular KDO, CMP-KDO, and D-glycero-D-manno-heptose 7-phosphate ([Figs. 5](#f0025){ref-type="fig"}A & B). The reduction in the concentrations of LPS and its aminoarabinose modification might result from either inhibition of amino sugar and nucleotide sugar metabolism, or from depletion of the main intermediates of PPP e.g., D-Ribose 5-phosphate and D-Sedoheptulose 7-phosphate ([Figs. 6](#f0030){ref-type="fig"}A & B). ADP-heptose, a key downstream metabolite of the heptose biosynthesis pathway, is an important component of the LPS inner core \[[@bb0340]\]. Mutations in the gene (GmhA) associated with ADP-glyceromannoheptose synthesis in *Haemophilus influenza*, which cause deficiencies in heptose biosynthesis, result in an a virulent phenotype, increased membrane permeability and increased susceptibility to antibiotics \[[@bb0345],[@bb0350]\]. Additionally, KDO synthesis is initiated by activation of D-arabinose-5-phosphate isomerase (API), an enzyme that promotes the reversible isomerization of D-ribulose-5-phosphate (Ru5P) to D-arabinose-5-phosphate, a KDO precursor; inactivation of this enzyme causes death of *E. coli* \[[@bb0355]\]. Thus, the depletion in the level of main components of amino sugar and nucleotide sugar metabolism and its direct downstream pathways, peptidoglycan and LPS biosynthesis, suggest synergistic bactericidal activity of our combination against *P. aeruginosa*.

In addition to its potential impact on membrane structure, our combination treatment was effective in depleting several components of glycolysis and tricarboxylic acid cycle (TCA) and a directly connected pathway, the electron transport chain at 1 h ([Figs. 6](#f0030){ref-type="fig"}A & B). The levels of glyceraldehyde-3P, PEP, Fructose-6P, succinate, and fumarate significantly declined after combination therapy ([Figs. 6](#f0030){ref-type="fig"}A & B). Central carbohydrate metabolism is a metabolic network that involves glycolysis and the TCA cycle; it has been recently explored for new targets for antibacterial agents \[[@bb0360],[@bb0365]\]. The significant decrease of fundamental intermediates of the TCA cycle, in particular succinate, likely results in a reduction of reducing equivalents for the electron transport chain. Succinate dehydrogenase is a vital enzyme that links the TCA cycle and the electron transport chain and is able to oxidize of succinate to fumarate \[[@bb0365]\]. The deletion of succinate dehydrogenase in *S. enterica* impaired its ability to colonize mice \[[@bb0370]\]. Succinate dehydrogenase has also been investigated in other bacteria such as *P. aeruginosa* as a promising next-generation drug target \[[@bb0375]\]. In addition to the TCA cycle defects, the polymyxin B -- tamoxifen combination treatment resulted in depletion of several intermediates of the electron transport chain, including ATP, ADP, NAD^+^ and orthophosphate ([Figs. 6](#f0030){ref-type="fig"}A & B).

Nicotinate and nicotinamide metabolism was another strongly interrelated pathway that was extensively perturbed by the polymyxins B -- tamoxifen combination at 1 h ([Fig. 7](#f0035){ref-type="fig"}). Six crucial precursors were significantly reduced following combination treatment e.g., quinolinate, NMN, and nicotinamide ([Fig. 7](#f0035){ref-type="fig"}). This biochemical pathway is a vital source of NAD^+^ (H) and NADP^+^ (H) cofactors, which are necessary for multiple complex reactions in several metabolic pathways including glycolysis, PPP, TCA cycle and fatty acid biosynthesis \[[@bb0175],[@bb0380]\]. An investigation into the importance of bacterial NAD biosynthesis demonstrated that knock-down of the protein levels for the two genes, NadD and NadE, which are necessary for the last two steps of NAD biogenesis resulted in cell death in Mycobacteria \[[@bb0385]\]. Intriguingly, our combination produced a marked inhibition of nicotinate and nicotinamide biosynthesis ([Fig. 7](#f0035){ref-type="fig"}).

To sum up, the current study is the first to decipher the mechanism of synergistic bactericidal activity of a novel combination of a polymyxin with a SERM, using a metabolomics platform. Polymyxin B and tamoxifen monotherapy caused minor perturbations to the FADDI-PA006 metabolome at 15 min; which were mainly comprised of increased levels of selected metabolites. On the other hand, the combination treatment showed greater perturbation to the metabolome at 15 min, 1 and 4 h. The combination inhibited most affected pathways across all time exposures, with the greatest differences observed at 1 h. It is possible that the synergistic killing associated with this novel combination is largely due to inhibition of multiple complex interconnected pathways, in particular those related to bacterial cell envelope biosynthesis, and inhibition of bacterial resistance development via outer membrane modification. Additional synergistic effects were also noticed involving inhibition of key central metabolic pathways including glycolysis, PPP, TCA cycle and electron transport chain. Importantly, this study highlights the potential for repurposing of tamoxifen for an antimicrobial indication in combination with polymyxins. Multi-omics study along with further molecular work should be performed to validate the key pathways recognized from the metabolomics analysis. To do so, mutant libraries, *in silico* genome scale metabolic modelling and metabolite feeding experiments would be required. Further studies are warranted to examine other non-antibiotic drugs as antimicrobial agents in combination with the OM permeabilizing antimicrobial agents such as the polymyxins and aminoglycosides.

4. Methods {#s0045}
==========

Detailed methods of all experimental procedures are provided in the supporting information

Appendix A. Supplementary data {#s0050}
==============================

Supplementary materialImage 1

J.L. and T.V. are supported by research grants from the National Institute of Allergy and Infectious Diseases of the National Institutes of Health (R01 AI132681). J.L. and T.V. are also supported by the Australian National Health and Medical Research Council (NHMRC) as Senior Research and Career Development Level 2 fellows, respectively. The content is solely the responsibility of the authors and does not necessarily represent the official views of the National Institute of Allergy and Infectious Diseases or the National Institutes of Health.

Supplementary data to this article can be found online at <https://doi.org/10.1016/j.csbj.2018.11.001>.
